Attempts to prepare Gd 12 Co 5 Bi, a member of the rare-earth intermetallics RE 12 Co 5 Bi, which have been identified by a machine-learning recommendation engine as potential candidates for thermoelectric materials, led instead to formation of the new compound Gd 12 Co 5 Bi as the temperature increases. The unusual trends in thermal properties persist in the heat capacity, which decreases below 2R, and in the thermal diffusivity, which increases at higher temperatures.
Introduction
Ternary phases in the rare-earth transition-metal bismuth systems RE-M-Bi remain poorly investigated because of considerable problems in synthesis and structural characterization, which are hindered by difficulties in crystal growth and severe X-ray absorption. 1 A decade ago, Tkachuk and Mar reported an extensive series of rare-earth intermetallic compounds RE 12 Co 5 Bi (RE = Y, Gd-Tm), which adopt a complex tetragonal structure mimicking nearly cubic symmetry, as determined from synchrotron powder X-ray diffraction data. 2 Careful examination of phase equilibria in the Ho-Co-Bi system confirmed that Ho 12 Co 5 Bi is distinct from Ho 5 Co 2 Bi, another ternary phase that has a similar composition and closely related structure. 3 As anticipated by the strong coupling of f-electrons from the RE atoms and d-electrons from the Co atoms, many RE 12 Co 5 Bi members display complex magnetic behaviour with multiple ordering transitions, as revealed by magnetic susceptibility measurements and µSR spectroscopy. 1, [4] [5] [6] [7] Surprisingly, RE 12 Co 5 Bi compounds were recently suggested through data mining methods to be potential candidates for thermoelectric materials. 8 ), comparable to half-Heusler phases. 8 Moreover, the thermal conductivity of these compounds increases as temperature increases, a dependence that is contrary to expectations. According to the Wiedemann-Franz law, κ e = LσT, the electronic contribution to the thermal conductivity is proportional to the electrical conductivity and temperature; for metals, conductivity effects strongly correlate with free electrons and the electrical conductivity decreases with higher temperature as their mean free paths shorten. At intermediate temperatures, the phonon contribution to the thermal conductivity also decreases with higher temperature as Umklapp scattering is enhanced with greater population of phonons.
Therefore, almost all materials, and certainly metals, should exhibit thermal conductivity which decreases as a function of increasing temperature, raising the question as to the origin of the reversed trend of increasing thermal conductivity observed for RE 12 Co 5 Bi. Such an unusual property may have interesting applications for thermal rectification, in which two materials with opposing temperature dependences of the thermal conductivity can be combined to create a device that acts like a thermal diode. 9 As part of renewed efforts to further examine the properties of RE 12 Co 5 Bi, it is essential to prepare samples in the form of phase-pure powders or single crystals, to elucidate the experimental conditions for optimizing synthesis, and to identify any possible impurities that could affect the interpretation of physical measurements. In particular, we wished to confirm the structure of RE 12 Co 5 Bi through single-crystal methods, which are more accurate than the powder diffraction methods and which can provide more detailed information about anisotropic displacement parameters to gain insight on the unusually low thermal conductivity of these compounds. In the course of these investigations NaCl-KCl (1:1 by mass) flux in a mass ratio of 1:1. These mixtures were each placed within fused-silica tubes which were evacuated and sealed. For the reaction containing NaCl-KCl flux, the tube was carbon-coated through pyrolysis of ethanol prior to loading. The tubes were heated in a furnace to 1000 °C within 8 h, held at this temperature for 1 h, and slowly cooled down at a rate of 2 °C/h. The tubes containing metal fluxes were removed from the furnace when the temperature reached 50 °C above the melting point of the metal, at which point the molten flux was centrifuged. The tube containing the NaCl-KCl flux was cooled to room temperature (and the flux was removed by washing with water). A parallel set of reactions was conducted containing the same six fluxes except that the charge consisted of the actual ternary phase Gd 12 Co 5 Bi, which was prepared by arc-melting (see below). In all cases, no crystals of Gd 12 Co 5 Bi were obtained; any crystals that formed were found to be binary phases from the GdIn, Gd-Sn, or Gd-Co systems.
Use of Iodine.
A stoichiometric mixture of the elements was pressed into a pellet as before and combined with a small amount of I 2 (~30 mg) within a 20-cm-long fused-silica tube. The tube was evacuated, sealed, and placed within a furnace heated gradually to 800 °C, which is above the melting point of Gd 12 Co 5 Bi, held at this temperature for 2 d, and slowly cooled down to room temperature at a rate of 5 °C/h. The tube was positioned such that the end containing the charge was at the centre of the furnace and the other end was near the edge of the furnace. The tube furnaces within our laboratory have been previously calibrated and found to exhibit good uniformity, with a temperature gradient of <3 °C between the centre and edge of the furnace. Agglomerations of small crystals were found embedded on an ingot substrate, as seen in an image obtained on a JEOL JSM-6010LA scanning electron microscope ( Figure 1 Bi, which has a high vapour pressure, was added to compensate for anticipated loss of Bi. Each pellet was placed on a water-cooled copper hearth in an Edmund Bühler MAM-1 arc-melter.
The chamber was evacuated and backfilled with argon gas, and the procedure was repeated. Any trace oxygen was removed by melting a Ti getter first, before the arc was redirected to melt the sample. To ensure homogeneity, each sample was melted a second time after it was flipped.
The arc-melted ingots were then placed within evacuated and sealed fused-silica tubes, annealed in a furnace at 600 °C for 1 week, and quenched in cold water. analyses.
An alternative interpretation of the additional electron density peak at 6b is that it is a site partially occupied by Bi atoms instead of Co atoms, but this possibility can be ruled out for the following reasons. Most importantly, this model would contain extremely short Gd-Bi distances of 2.7 Å which are physically unrealistic; for comparison, the average Gd-Bi distance found in other compounds is 3.2 Å and the lower bound is 2.9 Å. 12 A refinement of this model led to a very low occupancy (0.08 (1)) of Bi in this site, somewhat worse agreeement factors (R 1 = 0.052), and a formula (Gd 12 Co 5.5 Bi 1.2 ) that is inconsistent with the loaded reaction composition.
Furthermore, no extraneous elements were found in the EDX analysis ( Figure S1 in Supporting Information).
Crystallographic data, positional and displacement parameters, and interatomic distances are listed in Table 1 . Further data in the form of a crystallographic information file (CIF) are available as Supporting Information.
Electrical Resistivity. Small bar-shaped pieces (with longest dimensions of 1 mm)
were cut from an ingot confirmed to be essentially single-phase Gd 12 , where ρ is the density, α is the thermal diffusivity, and C p is the heat capacity at constant pressure. Density was measured via the Archimedes method with water at 20 °C as the immersion medium. Heat capacity was determined at the University of Utah using a Netzsch Sirius 3500 temperature modulated differential scanning calorimeter (TM-DSC). Small fragments were cut from the annealed arc-melted ingots of Gd 12 Co 5 Bi and Gd 12 Co 5.3 Bi and calorimetry measurements were performed on two samples of each compound from room temperature up to 600 °C under an inert atmosphere of Ar. The aluminum containers were not visibly affected during these measurements. The unusual temperature dependence of the heat capacity led us to repeat these measurements on the same samples on additional DSC instruments including a Perkin Elmer Pyris 1 DSC at the University of Alberta as well as through a third party analytical laboratory (Evans Analytical Group). Thermal diffusivity was measured on annealed arc-melted ingots. Samples were first polished to be coplanar with a thickness of 1 mm to 2 mm and then cut into disc shapes with either 8 mm or 12 mm diameters via electrical discharge machining. The density of the samples, evaluated by dividing the mass by the volume of these discs, was 97% (for Gd 12 Co 5 Bi) or 95% (for Gd 12 Co 5.3 Bi) of the theoretical density derived from the X-ray analysis. The thermal diffusivity of the discs was then measured using the laser flash method with a Netzsch LFA 457 instrument with a Cape-Lehman pulse length and heat loss correction model. 13 Samples were coated with graphite on both sides to promote uniform absorption and emission. Measurements were taken from room temperature up to 600 °C in 100 °C increments under an inert atmosphere of Ar. Powder XRD patterns of the samples were unchanged after these measurements.
Results and Discussion
With the original intent to grow crystals of The phase diagram near the Gd corner of the Gd-Co-Bi system at 600 °C was elucidated in more detail through XRD and metallographic analyses of 8 samples; each sample was prepared twice to confirm reproducibility ( Figure 3 ). Cell parameters for the binary and ternary phases present in this diagram are listed in Figure 4 ). As before, the lab-based XRD data suffered from severe absorption effects.
However, additional high-resolution synchrotron XRD patterns with much cleaner backgrounds were collected for samples 5 and 6, which were confirmed to contain the phases initially identified from the lab-based data. The binary phase Gd 6 Co 4.5 accommodates a modest solubility of the third component Bi, corresponding to the formula Gd 6 (Co 1-x Bi x ) 4.5 (x = 0-0.15).
The cubic structure of Gd 12 Co 5.3 Bi is easy to understand if it is first described in terms of a three-dimensional network of corner-sharing Gd 6 octahedra ( Figure 5 ). This network is undoubtedly well known to readers familiar with the now popular skutterudite structure (CoAs 3 -type), 14 adopted by transition-metal pnictides MPn 3 (M = Fe, Co, Rh, Ir, and others; Pn = P, As, Sb); 15, 16 additional atoms can enter icosahedral voids between the M-centred Pn 6 octahedra to give rise to filled skutterudites AM 4 Pn 12 (A = alkali, alkaline-earth, and rare-earth metals). 17 The space group is Im 3 in both Gd 12 Figure 10 . Remarkably, the heat capacity for both compounds exhibits the highly unusual trend of decreasing from 0.3 J g -1 K -1 to 0.07 J g -1 K -1 over the temperature range from room temperature to 600 °C. In fact, whereas the expected heat capacity increases from zero to the Dulong-Petit limit of 3R as materials approach their Debye temperature, these compounds exhibit opposite behavior beginning approximately near the 3R value at room temperature and decreasing beyond even the 2R value that has been reported for liquids and a few unusual solids such as Cu 2 Se. 27 In those cases, the liquid-like approximately 2R value for heat capacity was attributed to the highly disordered defected structure. The unusual heat capacities for Gd 12 Co 5.3 Bi and Gd 12 Co 5 Bi were repeatable on multiple samples and were measured on no less than three distinct DSC instruments at different institutions. We cannot completely rule out that small inclusions (<5 mol. %) visible in the samples studied could affect these properties, but the good consistency among different samples and different instruments strongly suggests that the behaviour is intrinsic. Although the heat capacity for both compounds starts and ends at approximately the same values, it decreases monotonically and smoothly for Gd 12 Co 5.3 Bi whereas it seems to plateau near the 3R limit at intermediate temperatures for
Gd 12 Co 5 Bi.
The thermal diffusivity for both Gd 12 Co 5.3 Bi and Gd 12 Co 5 Bi also shows a counterintuitive temperature dependence. Thermal diffusivity is defined as the ratio of how much heat is conducted through a substance to how much heat is stored in it. As such, thermal diffusivity generally shows a negative temperature dependence because conduction decreases with higher temperature (increased scattering events) while heat capacity normally increases or approaches a plateau near the Dulong-Petit limit. However, in these compounds where we have experimentally observed that the heat capacity decreases with temperature, it is self-consistent that thermal diffusivity should in fact rise with temperature, which it does in linear fashion, approximately doubling from room temperature up to 600 o C.
The thermal conductivity, calculated from the measured heat capacity, thermal to the well-known filled and partially-filled skutterudites, they achieve their low thermal conductivity even without rattling occurring within cages. Bi at 2a (0, 0, 0)
Conclusions
c U eq is defined as one-third of the trace of the orthogonalized U ij tensor. 
